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contractility; Langendorff-perfused heart; papillary muscle; Triton X-100 treatment; rat HYPERHOMOCYSTEINEMIA (Hhe) has been linked to cardiovascular disease in several studies; however, most of these reports have focused on its vascular and endothelial actions. For example, in 1969, McCully (16) reported that severe Hhe resulting from inborn errors of metabolism results in vascular disease, and other investigators (18) subsequently found that the prevalence of elevated plasma homocysteine increases from an estimated 5% in the general population to 13-47% in patients with symptomatic vascular disease. Retrospective and prospective studies (3, 17, 21) also showed an association between Hhe and atherothrombotic diseases, including myocardial infarction and stroke.
In addition to the accumulating evidence linking Hhe to vascular pathology and a prothrombotic state, recent studies have demonstrated that chronic Hhe elicits adverse effects on the myocardium. Blacher and coworkers (2) examined 75 patients with end-stage renal disease undergoing hemodialysis and showed a positive correlation between echocardiographically measured left ventricular mass index and plasma homocysteine, even after adjustment for age, gender, systolic blood pressure, and hematocrit. In addition, a recent Framingham study report (30) indicated that plasma homocysteine levels are an independent risk factor for congestive heart failure. Studies in our laboratory (11) using rat models showed that 10 wk of Hhe elicits an adverse cardiac remodeling and diastolic dysfunction in normotensive animals, and exacerbates the remodeling and diastolic dysfunction observed in the hypertensive heart (11). Thus, in addition to its well-described vascular actions, chronic Hhe acts in the absence of other stimuli to elicit direct adverse effects on cardiac structure and function, suggesting that it is an independent risk factor for cardiac remodeling and dysfunction.
This study was designed to determine whether homocysteine also has acute effects on cardiac systolic function, because such actions may complement the previously described chronic effects on cardiac structure and contribute to the associated cardiac dysfunction. Previous work by Tyagi et al. (27) in ex vivo cardiac rings of the rat right ventricle and left ventricle showed that homocysteine enhances diastolic tension and that this action is enhanced by removal of the endocardial endothelium. In addition, studies in various tissues demonstrated acute effects of homocysteine that could affect cardiac contractile function were they to occur in the heart. For example, homocysteine was shown to inhibit Na ϩ -K ϩ -ATPase activity in the hippocampus (24) , decrease intracellular calcium concentration in arteriolar smooth muscle (28) , and inhibit the transient outward current (I to ) in rat ventricular myocytes (22) .
MATERIALS AND METHODS
Animals. All procedures in this study were approved by the Institutional Animal Care and Use Committee at the University of Arkansas for Medical Sciences. Three-month-old male Sprague-Dawley rats (300 -325 g) were purchased from Harlan Sprague Dawley (Indianapolis, IN) and maintained in our institutional Division of Laboratory Animal Medicine on a 12:12-h light-dark cycle with free access to chow and water.
Langendorff-perfused hearts. Rats were anesthetized with a volatile anesthetic, and hearts were removed and immediately perfused via the aorta with an oxygenated Krebs-Henseleit (KH) solution (37°C) of the following composition (in mM): 118.0 NaCl, 27.1 NaHCO3, 3.7 KCl, 1.8 CaCl2, 1.2 MgCl2, 1.0 KH2PO4, and 11.1 glucose. The flow rate was set at 7.0 ml ⅐ g heart Ϫ1 ⅐ min Ϫ1 , a value similar to that observed when flow is examined at a constant pressure of 70 mmHg; coronary pressure was monitored continuously by a Statham pressure transducer. Both atria were removed, and the ventricles were paced electrically at 250 beats/min by platinum contact electrodes positioned on the interventricular septum. A fluid-filled balloon catheter was placed in the left ventricle to measure intraventricular pressure, and the heart was enclosed in a humidified, temperature-controlled chamber. Contractile function was monitored by measuring developed pressure (peak systolic pressure Ϫ diastolic pressure) at the preload balloon volume that elicited 90 -95% of maximal basal contractile function. In addition to a polygraph recording, all data were digitized and analyzed with the use of acquisition and analysis software (CODAS; DataQ Instruments; Akron, OH). After equilibration for 60 min, the inotropic effects of homocysteine were examined by the addition of the amino acid to the perfusing solution.
The coronary vascular endothelium was inactivated in some hearts by brief perfusion with Triton X-100. Langendorff-perfused preparations were set up as described above, and after 30-min equilibration an infusion of Triton X-100 (1:200 dilution) equivalent to 1% of the flow rate was delivered into the KH buffer immediately above the aorta for 1 s (14, 20) . Subsequently, the hearts were perfused for 25 min with normal KH buffer before the inotropic actions of homocysteine were examined as described above. The effectiveness of the Triton treatment in inactivating the endothelium was verified by its ability to diminish nitric oxide (NO) release.
Papillary muscle. Papillary muscle (diameter Ͻ0.7 mm) was isolated from the rat heart, suspended in the KH solution described above (37°C), and paced via contact electrodes at 3.0 Hz. Resting tension (set at 90% L max) and force of isometric contraction were monitored via force-displacement transducers. After a 60-min equilibration period, basal contractility was recorded, and the inotropic effects of homocysteine or the effluent collected from Langendorff-perfused hearts were examined. The papillary preparations were exposed to effluent within 1 min of its collection from the heart.
Measuring nitrate/nitrite. The nitrate/nitrite concentration, as measured by a modification of the Greiss technique (19) , was used as an estimate of NO production. Equal concentrations of effluent and Greiss reagent (0.8% sulfanilamide in 0.5 N HCl-0.075% N-naphthylethylene diamine) were mixed and shaken gently for 15 min at room temperature. Absorbance was then measured at 543 nM, and concentration was determined with the use of a standard curve obtained with sodium nitrite.
Statistical analysis. Data were evaluated by ANOVA with a Student-Newman-Keuls post hoc test or by t-test as appropriate with the use of SigmaStat software (SPSS; Chicago, IL). The criterion for significance was a P value Ͻ0.05. Data are reported as means Ϯ SE.
RESULTS
Effects of homocysteine on Langendorff-perfused heart. Initial experiments examined the acute effects of homocysteine on contractility in coronary-perfused myocardium by examining changes in left ventricular developed pressure in Langendorffperfused preparations. As shown in Fig. 1A , 100 M homocysteine elicited a negative inotropic effect that reached maximum levels of ϳ85% of control values within 5 min. The response remained stable for at least 45 min of continuous exposure, and contractile function returned to near control values (98 Ϯ 2% of control; n ϭ 5) within 15 min of washout. The concentration-response curve (Fig. 1B) showed that this negative inotropic action was detectable at concentrations between 10 and 300 M, with the first statistically significant effect being observed at 30 M and little change occurring between 100 and 300 M. The amino acid had no effect on diastolic pressure (data not shown) but elicited a concentrationdependent reduction in coronary pressure (from a control value of 74.9 Ϯ 6.5 to 69.7 Ϯ 5.0 and 65.1 Ϯ 5.6 mmHg at 30 and 300 M, respectively; n ϭ 5). In contrast, equivalent concentrations of cysteine had no effect on contractility or coronary pressure.
Effects of homocysteine on isolated papillary muscle. Because homocysteine has been reported to elicit numerous effects on the vascular endothelium (9, 32, 33) , subsequent experiments were designed to determine whether the acute inotropic actions of homocysteine could be observed in the absence of coronary perfusion. Contractility was monitored in superfused papillary muscle before and during exposure to the Fig. 1 . Effects of homocysteine on developed pressure (peak systolic Ϫ diastolic pressure) in Langendorff-perfused rat hearts. Preparations were perfused with an oxygenated Krebs-Henseleit solution (37°C) at 7.0 ml ⅐ g heart Ϫ1 ⅐ min Ϫ1 and paced electrically at 250 beats/min by contact electrodes positioned on the interventricular septum. A fluid-filled balloon catheter was placed in the left ventricle with volume being set at the value that elicited 90 -95% of maximal basal contractile function. A: time-dependent negative inotropic effects of 100 M homocysteine. Data are presented as a percentage of prehomocysteine control values (95.7 Ϯ 7.6 mmHg; n ϭ 5). Homocysteine elicited a statistically significant (P Ͻ 0.05) decrease in developed pressure at all time points examined between 5 and 45 min. Inset, representative tracings that were recorded before exposure to 100 M homocysteine and after a steady-state response was observed. B: concentration-dependent inotropic effects of homocysteine (F; n ϭ 5) and cysteine (E; n ϭ 5) as examined with the use of cumulative addition. Data are presented as a percentage of prehomocysteine (101.9 Ϯ 2.3 mmHg) and precysteine (105.0 Ϯ 6.9 mmHg) control values. Vertical bars represent means Ϯ SE. Homocysteine elicited a concentration-dependent decrease in developed pressure that was significantly different (P Ͻ 0.05) from control values at concentrations of 30 M and greater. amino acid. As shown in Fig. 2 , homocysteine did not affect contractile function in these preparations. No significant inotropic effect was observed during a 30-min exposure to 100 M homocysteine or with cumulative exposure to concentrations ranging from 10 to 300 M (allowing a 10-min exposure to each concentration). Similarly, homocysteine had no effect on resting tension in isolated papillary muscle (data not shown).
Effects of Langendorff effluent on papillary muscle. Continued experiments examined contractile function in papillary muscle exposed to effluent collected from Langendorff-perfused hearts. Figure 3 shows that effluent collected from hearts perfused with control buffer tended to increase developed tension in papillary muscle; however, this effect was not statistically significant. When homocysteine was added to the buffer perfusing the Langendorff preparations, the effluent elicited a decrease in contractility that increased in a dosedependent manner with the concentration of homocysteine. Statistically significant differences were first observed using effluent obtained from hearts exposed to 100 M homocysteine. Similar results were obtained in papillary preparations pretreated with homocysteine before exposure to effluent. The effluent had no effect on resting tension (data not shown).
Effects of Triton X-100 treatment on inotropic actions of homocysteine.
To further verify that the inotropic actions of homocysteine were mediated by the vascular endothelium, experiments utilized Langendorff-perfused hearts that were pretreated with Triton X-100 (1:200 dilution introduced as 1% of the buffer flow for 1 s) to inactivate endothelial function (14, 20) . The inotropic effects of 100 M homocysteine were examined before and 25 min after the Triton X-100 treatment. The detergent treatment itself had little effect on contractile function; developed pressure before and after Triton treatment was 104.5 Ϯ 4.8 and 109.9 Ϯ 4.2 mmHg, respectively (n ϭ 5) with no change in diastolic pressure. However, as shown in Fig. 3B , the nearly 15% reduction in developed pressure elicited by homocysteine before treatment with Triton X-100 3 . A: negative inotropic effects of effluent collected from Langendorffperfused rat heart on rat papillary muscle. Experiments were performed using heart and papillary preparations similar to those described in Figs. 1 and 2 . Effluent collected from the coronary-perfused heart preparation was superfused onto the papillary muscle before and after cumulative addition of homocysteine to the buffer perfusing the heart. Data for developed tension in the papillary muscle are presented as a percentage of the control values obtained before exposure to effluent (0.68 Ϯ 0.07 g; n ϭ 5). The bar on the far right shows developed tension in a different group of papillary preparations that were exposed to effluent obtained from Langendorff hearts that were pretreated with Triton X-100 before exposure to 100 M homocysteine (control value: 0.70 Ϯ 0.06 g; n ϭ 5). Significant reductions (P Ͻ 0.05) in developed tension were observed with effluent collected from hearts exposed to 100 and 300 M homocysteine; this effect was eliminated by Triton X-100 pretreatment of the hearts. B: effects of 100 M homocysteine on developed pressure in hearts before and after treatment with Triton X-100. The Triton treatment consisted of a 1-s exposure to a 1:200 dilution introduced as 1% of the flow rate of the Krebs-Henseleit buffer. Data are presented as a percentage of prehomocysteine control values (104.5 Ϯ 4.8 and 109.9 Ϯ 4.2 mmHg before and after Triton treatment, respectively; n ϭ 5). The significant decrease (P Ͻ 0.05) in developed pressure elicited by 100 M homocysteine was eliminated by Triton X-100 pretreatment. Vertical bars represent means Ϯ SE.
was almost eliminated by endothelial inactivation; as in naïve hearts, homocysteine had no effect on diastolic pressure in Triton-treated hearts (data not shown). Time-control studies showed that the response to homocysteine was not significantly different during a second exposure if the hearts were not treated with the detergent after the first exposure (data not shown). In contrast to its effect on the response to homocysteine, Triton treatment did not significantly affect the response to a relatively low concentration of the calcium channel blocker nifedipine (0.03 M), which reduced developed pressure by 22.4 Ϯ 4.9% and 28.8 Ϯ 5.5% before and after endothelial activation (n ϭ 4). Coronary pressure was increased by the detergent treatment (from 67.9 Ϯ 2.6 to 81.7 Ϯ 4.4 mmHg; n ϭ 5), and the endothelial inactivation was supported by the fact that Triton X-100 treatment decreased the nitrate/nitrite concentration (a measure of NO release) of the Langendorff effluent from 0.99 Ϯ 0.06 to 0.20 Ϯ 0.07 M (n ϭ 5). In contrast to its effects in untreated hearts, homocysteine had no effect on coronary pressure after Triton X-100 treatment (81.7 Ϯ 4.4 and 80.6 Ϯ 6.6 mmHg before and after homocysteine; n ϭ 5).
The effects of Langendorff effluent on papillary muscle were also examined after Triton X-100 pretreatment of hearts. As shown in Fig. 3A , the negative inotropic effect of effluent from hearts treated with 100 M homocysteine was eliminated when hearts were treated with Triton X-100 before homocysteine administration.
Effects of N -nitro-L-arginine and indomethacin on inotropic actions of homocysteine.
Continued experiments were designed in an attempt to determine the mechanism underlying the observed negative inotropic action of homocysteine. Because the action was antagonized by inactivation of the endothelium, it seemed possible that the amino acid was acting to release NO, an agent with negative inotropic effects, from the vascular endothelium. Thus experiments compared the concentration-dependent inotropic effects of homocysteine in Langendorff-perfused hearts in the presence and absence of 0.1 mM N -nitro-L-arginine (L-NNA), a NO synthase (NOS) inhibitor. The inhibitor was added to the buffer solution 30 min before cumulative addition of homocysteine. L-NNA alone increased coronary pressure from 76.7 Ϯ 5.7 to 96.6 Ϯ 8.1 mmHg and decreased developed pressure from 103.6 Ϯ 10.2 to 92.9 Ϯ 9.2 mmHg (n ϭ 5) before treatment with homocysteine. As shown in Fig. 4 , hearts treated with L-NNA showed an enhanced negative inotropic response to homocysteine that was significantly greater than that observed in control hearts at concentrations of 30 M and above. Coronary pressure was not affected by homocysteine in the presence of L-NNA (e.g., coronary pressures were 96.6 Ϯ 8.1 and 94.9 Ϯ 6.7 mmHg before homocysteine exposure and after treatment with 300 M homocysteine; n ϭ 5).
Because arachidonic acid derivatives have also been reported to affect cardiac contractile function (5, 13) , continued experiments were designed to determine whether the proposed endothelium-derived paracrine agent is a product of the cyclooxygenase pathway. Indomethacin (50 M), a cyclooxygenase inhibitor, was added to the perfusion buffer 20 -30 min before the cumulative addition of homocysteine. This concentration of indomethacin was shown in preliminary studies to essentially eliminate the acute negative inotropic action elicited by arachidonic acid in Langendorff-perfused hearts (10 M arachidonic acid elicited a 14.3 Ϯ 3.1% decrease in developed pressure under control conditions and only a 1.5 Ϯ 1.1% decrease after pretreatment with 50 M indomethacin). Indomethacin alone did not affect contractile function or coronary pressure in the Langendorff-perfused hearts, and had no effect on the negative inotropic response to homocysteine (Fig. 4) . As in the absence of indomethacin, coronary pressure was decreased by homocysteine in the presence of the cyclooxygenase inhibitor (e.g., from 81.2 Ϯ 6.1 to 73.4 Ϯ 4.4 and 71.0 Ϯ 5.4 mmHg before homocysteine exposure and after treatment with 30 and 300 M homocysteine, respectively; n ϭ 5).
DISCUSSION
Results of this study demonstrate that homocysteine elicits an acute negative inotropic effect on ventricular myocardium and that this effect is observed at concentrations similar to the homocysteine levels observed in individuals with Hhe. The action appears to be specific for homocysteine because it was not observed with identical concentrations of cysteine. The data also suggest that the acute negative inotropic action of homocysteine is not mediated by the release of NO or cyclooxygenase products from the coronary vascular endothelium. The effect of homocysteine was not observed in superfused papillary muscle, but it was observed in papillary muscle exposed to coronary effluent collected from Langendorff-perfused hearts. In addition, the decrease in contractility was eliminated when hearts were preperfused with Triton X-100, a method of inactivating endothelial function. The magnitude of the negative inotropic action is somewhat limited, reaching approximately a 15% depression of contractility at 100 -300 M homocysteine; however, even minimal acute decreases in contractile function can be clinically relevant over a long period of time and contribute to the recently reported link between Hhe and cardiac dysfunction (11, 12, 30) .
As mentioned above, Tyagi et al. (27) , by using ex vivo cardiac rings of the rat ventricle, showed that homocysteine enhances diastolic tension and that this action is enhanced by removal of the endocardial endothelium. Current results showed no significant effect of acute homocysteine exposure on left ventricular diastolic pressure in the electrically stimulated whole heart preparation or on resting tension in electrically paced papillary muscle (data not shown). The cause of this disparity is unknown but is likely caused by the differing preparations and conditions used in the two studies. The absence of direct effects of homocysteine on contractile function in papillary muscle and Triton-pretreated whole heart suggests that previously reported actions of the amino acid on Na ϩ -K ϩ -ATPase activity (24) , intracellular calcium concentration (28) , and I to (22) were not elicited by concentrations up to 300 M in intact tissue maintained under the chosen experimental conditions. Nonetheless, it is possible that positive inotropic (inhibition of Na ϩ -K ϩ -ATPase and I to ) and negative inotropic (decreased intracellular calcium) influences were offsetting, thereby resulting in no detectable change in contractile function.
The concentration dependency of the negative inotropic action of homocysteine observed in this study falls within the range observed in individuals diagnosed with Hhe. Plasma protein binding accounts for Ͼ70% of circulating homocysteine levels in humans with ϳ25% being in free oxidized forms and ϳ3% being in free reduced forms (6) . Thus plasma concentrations of total homocysteine in individuals with moderate (30 -100 M) and severe (Ͼ100 M) Hhe would result in free concentrations similar to those that elicited the acute effects in current experiments (10 -300 M with the first statistically significant effect being observed at 30 M). Continued experiments are required to determine the relative concentrations of the oxidized and reduced forms of homocysteine in physiological buffers, as well as the role of these different forms in observed effects.
The mechanism by which homocysteine acts to elicit the release of the proposed endothelial mediator has not been elucidated, nor has the identity of the proposed paracrine agent or its mechanism of action. L-NNA, a NOS inhibitor, did not antagonize the inotropic action of homocysteine, indicating that the endothelial factor is not NO. This is not too surprising in light of data showing that homocysteine acts acutely to inactivate NO via oxidative mechanisms (29) and impair NO synthesis via production of asymmetric dimethylarginine (25) . Hhe has been associated with increased levels of NOS, both endothelial NOS and inducible NOS (31) , but this requires more prolonged exposure. In addition, indomethacin did not alter the response of Langendorff-perfused heart to homocysteine. This suggests that the endothelial factor is not a product of cyclooxygenase such as PGE 1 , which has been shown to decrease contractile function in the rat heart (13) . It is possible that other metabolites of arachidonic acid, such as the negative inotropic leukotrienes (5) or products of cytochrome P-450, are involved. Current experiments were restricted to examining the possible role of cyclooxygenase products because preliminary studies showed that indomethacin nearly eliminated the previously reported acute negative inotropic response to arachidonic acid (26) under the experimental conditions used in this study.
Brief Triton X-100 exposure of the coronary vasculature was utilized to inactivate the endothelium. Previous studies (14, 20) demonstrated the effectiveness of this treatment by showing that it inhibits the response to endothelium-dependent vasodilators without producing morphological changes in the heart. Similarly, current data indicated a significant reduction in endothelial function after Triton X-100 treatment. Coronary pressure rose significantly following treatment with the increase being similar to that elicited by L-NNA. In addition, experiments showed that the Triton X-100 exposure reduced NO release into the effluent by ϳ80%, while having little effect on left ventricular developed pressure (eliciting approximately a 5% increase) suggesting that it did not damage the endothelium to the point of altering barrier function or damaging cardiomyocytes.
Current data would seem to suggest that the acute effect of homocysteine on the Langendorff-perfused heart is more potent than the effect of homocysteine-containing effluent on papillary muscle. The first statistically significant effect of homocysteine on heart was observed at 30 M, whereas the first significant change in papillary muscle was observed with effluent containing 100 M homocysteine. Efficacy did not seem to be different as both preparations showed approximately a 15% decrease in contractile function at 300 M. Although the cause of this slight rightward shift is not understood, it may reflect a simple dilution of the paracrine mediator in the buffer compared with its local concentration in the heart. Alternatively, it is possible that the paracrine mediator is unstable in aqueous solution.
Previous studies (20) have demonstrated that even under control conditions the coronary vascular endothelium releases both positive and negative inotropic agents with the relative release depending in part on coronary flow and oxygen tension. A review by Brutsaert (4) suggests that NO, angiotensin II, endothelin, prostanoids, and even polypeptides may be involved. In current experiments, the effluent collected from Langendorff-perfused hearts before exposure to homocysteine tended to increase systolic function in the papillary muscle even though this trend was not statistically significant. Future studies are required to identify the mediators of the endothelial action as well as the mediator released by homocysteine.
In addition to its acute negative inotropic effects homocysteine altered coronary pressure in Langendorff-perfused hearts. It decreased coronary pressure ϳ13% in control conditions, but had no significant effect after Triton X-100 or L-NNA pretreatment. This would seem to suggest that the coronary dilation elicited by homocysteine was mediated via an increase in NO release or via the acute formation of S-nitroso-homocysteine, a potent vasodilator (15, 23) . Somewhat in contrast, other reports suggest that homocysteine acts acutely to inactivate NO (29) and impair its synthesis (25) . Future studies are required to clarify this issue. Nonetheless, the more important question for the current study is whether the changes in coronary pressure played a role in observed inotropic actions. Gregg (10) reported in 1963 that changes in coronary perfusion can affect cardiac contractility, and subsequent work suggested that this effect may be caused by changes in oxygen supply (8) or the "garden hose" effect (1) with more recent studies indicating that it is related to capillary perfusion (7) . Although current experiments were performed under constant coronary flow, it is possible that changes in arteriolar diameter may have influenced left ventricular systolic function by changing flow distribution. This, however, seems unlikely as homocysteine either decreased or had no effect on coronary pressure while decreasing systolic function. Similarly, it might be proposed that the relatively large increase in coronary pressure elicited by L-NNA may have contributed via this mechanism to the concurrent fall in systolic function; however, a similar fall in cardiac contractility did not occur when Triton X-100 increased coronary pressure.
In summary, this study shows that pathophysiological concentrations of homocysteine elicit an acute negative inotropic effect on ventricular myocardium that is mediated by a coronary endothelium-derived agent other than NO or cyclooxygenase products. Future studies are required to elucidate the mechanism by which homocysteine acts to elicit the release of the proposed endothelial mediator, the identity of the proposed paracrine agent, and the mechanism of its negative inotropic action. Possible mechanisms of its inotropic effect include actions on voltage-dependent calcium influx, sarcoplasmic reticular calcium release and/or reuptake, calcium efflux (most likely via the Na/Ca exchanger), and/or myofilament calcium sensitivity.
